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7KURXJKRXW# WKLV# UHSRUW#ZH# KDYH# DWWHPSWHG# WR & &RQWLQXHG#HIIRUWV# WR#DVVHVV# WKH#FDQFHU#DQG

DFFXUDWHO\#FKDUDFWHUL]H#DQG/#ZKHUH#SRVVLEOH/#TXDQWLI\ QRQFDQFHU# KHDOWK# HIIHFWV# RI# DLU# WR[LFV
WKH#PDMRU# VRXUFHV# RI# XQFHUWDLQWLHV# WKDW# DIIHFW# RXU H[SRVXUH
SULPDU\# HVWLPDWH# RI# WKH# FRVWV# DQG# EHQHILWV# RI# WKH
&$$$1# # ,Q#PDQ\# FDVHV/# WKHVH#XQFHUWDLQWLHV# DUH# WKH & 'HYHORSPHQW#RI#WRROV#DQG#GDWD#WR#DVVHVV#WKH
UHVXOW# RI# JDSV# LQ# GDWD# RU# PHWKRGV# WKDW# PLJKW# EH VLJQLILFDQFH# RI# ZHWODQG/# DTXDWLF/# DQG
DGGUHVVHG# WKURXJK# DGGLWLRQDO# UHVHDUFK1# # ,Q# WKLV WHUUHVWULDO#HFRV\VWHP#FKDQJHV#DVVRFLDWHG#ZLWK
$SSHQGL[/#ZH#SURYLGH#D#VXPPDU\#RI#LPSRUWDQW#DUHDV DLU#SROOXWLRQ
IRU# QHZ# UHVHDUFK# ZKLFK/# LI# FDUULHG# RXW/# KDYH# WKH
SRWHQWLDO#WR#LQFUHDVH#DFFXUDF\#DQG#UHGXFH#XQFHUWDLQW\ & &RQWLQXHG# GHYHORSPHQW# RI# HFRQRPLF
LQ#IXWXUH#DVVHVVPHQWV1## YDOXDWLRQ# PHWKRGV# DQG# GDWD/# SDUWLFXODUO\

Overview

7KH#XQFHUWDLQWLHV#LQ#WKH#SULPDU\#HVWLPDWHV#DQG#WKH
FRQWURYHUVLHV#ZKLFK#SHUVLVW#UHJDUGLQJ#PRGHO#FKRLFHV
DQG# YDOXDWLRQ# SDUDGLJPV# KLJKOLJKW# WKH# QHHG# IRU# D
YDULHW\#RI#QHZ#DQG#FRQWLQXHG#UHVHDUFK#HIIRUWV1##%DVHG
RQ# WKH# ILQGLQJV# RI# WKLV# VWXG\/# WKH# KLJKHVW# SULRULW\
UHVHDUFK#QHHGV#DUH= 2XU#DQDO\VLV#RI#HPLVVLRQV#VXJJHVWV#VHYHUDO#DUHDV#RI

& ,PSURYHG# HPLVVLRQV# LQYHQWRULHV# DQG PRGHOLQJ#WRROV1##7KH#RYHUDOO#LPSRUWDQFH#RI#DPELHQW
LQYHQWRU\#PDQDJHPHQW#V\VWHPV SDUWLFXODWH# PDWWHU# HVWLPDWHV# WR# WKH# UHVXOWV# RI# WKLV

& ,PSURYHG#WRROV#IRU#DVVHVVLQJ#WKH#IXOO#UDQJH#RI PDWWHU# DQG# SUHFXUVRU# HPLVVLRQV# D# KLJK# SULRULW\1
VRFLDO# FRVWV# DVVRFLDWHG# ZLWK# UHJXODWLRQ/ $PELHQW#PRQLWRULQJ#RI#SDUWLFXODWH#FRPSRVLWLRQ/#IRU
LQFOXGLQJ#WKH#WD[0LQWHUDFWLRQ#HIIHFW H[DPSOH/# LQGLFDWHV# WKDW#SDUWLFXODWH#PDWWHU#RI#FUXVWDO

& $# PRUH# JHRJUDSKLFDOO\# FRPSUHKHQVLYH# DLU ZLQG# HURVLRQ,# PD\# EH# RYHU0UHSUHVHQWHG# LQ# RXU
TXDOLW\#PRQLWRULQJ#QHWZRUN/#SDUWLFXODUO\#IRU HPLVVLRQV#LQYHQWRULHV1#$V#ZH#GLVFXVV#LQ#WKH#UHSRUW/#RQH
ILQH#SDUWLFOHV#DQG#KD]DUGRXV#DLU#SROOXWDQWV SRVVLEOH#H[SODQDWLRQ#IRU#WKLV#DSSDUHQW#LQFRQVLVWHQF\

& 'HYHORSPHQW# RI# LQWHJUDWHG# DLU# TXDOLW\ WUDQVSRUWHG#EH\RQG# WKHLU#SRLQW#RI#HPLVVLRQ1# #6RPH
PRGHOLQJ#WRROV#EDVHG#RQ#DQ#RSHQ/#FRQVLVWHQW SUHOLPLQDU\#HYLGHQFH#VXJJHVWV#WKDW#WKH#PRELOLW\#RI#D
PRGHO#DUFKLWHFWXUH ODUJH# IUDFWLRQ# RI# WKHVH# SDUWLFOHV# PD\# EH# UHODWLYHO\

& ,QFUHDVHG#EDVLF#DQG#WDUJHWHG#UHVHDUFK#RQ#WKH K\SRWKHVLV1##
KHDOWK# HIIHFWV# RI# DLU# SROOXWLRQ/# HVSHFLDOO\
SDUWLFXODWH#PDWWHU &RPSDULVRQ# RI# HPLVVLRQV# LQYHQWRULHV# ZLWK

YDOXDWLRQ#RI# FKDQJHV# LQ# ULVNV#RI#SUHPDWXUH
PRUWDOLW\#DVVRFLDWHG#ZLWK#DLU#SROOXWLRQ

:H#GLVFXVV#HDFK#RI# WKHVH# UHVHDUFK#QHHGV# LQ#JUHDWHU
GHWDLO#LQ#WKH#VHFWLRQV#WKDW#IROORZ1

Emissions Modeling

UHVHDUFK# WKDW# FRXOG# LPSURYH# HPLVVLRQV# GDWD# DQG

DQDO\VLV# PDNHV# LPSURYHG# PRGHOLQJ# RI# SDUWLFXODWH

RULJLQ#+H1J1/#IURP#DJULFXOWXUDO#WLOOLQJ/#FRQVWUXFWLRQ/#DQG

PD\# EH# WKH# H[WHQW# WR# ZKLFK# WKHVH# HPLVVLRQV# DUH

OLPLWHG/#EXW#IXUWKHU#UHVHDUFK#LV#QHHGHG#WR#FRQILUP#WKLV

PRQLWRULQJ#GDWD#DOVR#VXJJHVWV#WKDW#RXU#LQYHQWRU\#PD\
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XQGHUHVWLPDWH# WKH# RUJDQLF# DQG# HOHPHQWDO# FDUERQ DVVHVVPHQWV/# DQG# WR# UHGXFH# DQ\#SRWHQWLDO# HUURUV#RI
IUDFWLRQ#RI#GLUHFWO\#HPLWWHG#SDUWLFXODWHV/#SDUWLFXODUO\#LQ LQFRQVLVWHQF\#ZLWK#WKH#VXEVHTXHQW#DLU#TXDOLW\#PRGHOLQJ
XUEDQ#DUHDV1##,Q#WKLV#FDVH/#LW#LV#PRUH#GLIILFXOW#WR#DVVHVV VWHSV/# LV# WR# GHYHORS# D# WRRO# WKDW# ERWK# LQWHJUDWHV
WKH# SRWHQWLDO# VRXUFHV# RI# XQGHUHVWLPDWLRQ1# # 2QH HPLVVLRQV# DQG# DLU# TXDOLW\# DQDO\VHV# DQG# SURYLGHV# D
K\SRWKHVLV#LV#WKDW#FXUUHQW#HPLVVLRQV#HVWLPDWLRQ#WRROV PHDQV# WR# PRUH# FRVW0HIIHFWLYHO\# SHUIRUP# PXOWLSOH
PD\#XQGHUHVWLPDWH#RUJDQLF#SDUWLFXODWH#HPLVVLRQV#IURP VFHQDULR#DQDO\VHV1##7KH#0RGHOV06#GHYHORSPHQW#HIIRUW/
PRELOH#VRXUFHV1# #&RQWLQXHG#UHVHDUFK# LQWR#HPLVVLRQV GHVFULEHG#EHORZ/#PD\#SURYLGH#D#PRGHOLQJ#SODWIRUP
UDWHV#IRU#PRELOH#VRXUFHV#FRXOG#\LHOG#LQFUHDVHG#DFFXUDF\ WKDW# LV# PRUH# DPHQDEOH# WR# VHQVLWLYLW\# WHVWLQJ# RI
IRU# SDUWLFXODWH# HPLVVLRQV1# # $GGLWLRQDO# WDLOSLSH DOWHUQDWLYH#HPLVVLRQV#UHVXOWV1
HPLVVLRQV# VWXGLHV# PD\# EH# QHHGHG/# DQG# HPLVVLRQV
HVWLPDWLRQ#WHFKQLTXHV#QHHG#WR#EH#GHYHORSHG#WR#EHWWHU
UHIOHFW# WKH# UHVXOWV# RI# WKRVH# VWXGLHV1# # ,Q# JHQHUDO/
FRQWLQXHG#UHVHDUFK#WR#EHWWHU#UHFRQFLOH#PRQLWRULQJ#GDWD
RQ#WKH#FRPSRVLWLRQ#RI#DPELHQW#SDUWLFXODWH#PDWWHU#RQ
WKH#RQH#KDQG/#ZLWK#HPLVVLRQV#HVWLPDWHV#IRU#SULPDU\
DQG# VHFRQGDU\# VRXUFHV#RI#SDUWLFXODWH#PDWWHU#RQ# WKH
RWKHU#KDQG/#VKRXOG#KHOS# LQ# LPSURYLQJ#RXU#DELOLW\#WR
SUHGLFW#FKDQJHV#LQ#ILQH#30#FRQFHQWUDWLRQV1##

2QH#RWKHU# HPLVVLRQV#XQFHUWDLQW\# WKDW# FRXOG#EH
UHGXFHG# E\# DGGLWLRQDO# UHVHDUFK# LQYROYHV# YRODWLOH
RUJDQLF#FRPSRXQG# +92&,#HPLVVLRQV1# #(VWLPDWHV#RI
92&#HPLVVLRQV# WHQG# WR#EH#KLJKO\#YDULDEOH# 00# LQ# WKH
VXPPHU#PRQWKV#HVSHFLDOO\/#WKH\#FDQ#EH#FORVHO\#OLQNHG
WR# YDULDWLRQV# LQ# WHPSHUDWXUH1# # $V# DPELHQW# R]RQH
PRGHOLQJ# EHFRPHV# PRUH# VRSKLVWLFDWHG/# KRZHYHU/
EHWWHU# WHPSRUDO# DQG# VSDWLDO# UHVROXWLRQ# RI# 92&
HPLVVLRQV# LQYHQWRULHV# PD\# EH# QHHGHG# WR# WDNH
DGYDQWDJH#RI#WKH# LQFUHDVHG#FDSDELOLWLHV#RI#DLU#TXDOLW\
PRGHOV#WR#SURFHVV#PRUH#KLJKO\#UHVROYHG#GDWD1

,Q# D# EURDGHU# VHQVH/# RXU# FXUUHQW# LQDELOLW\# WR
TXDQWLWDWLYHO\# FKDUDFWHUL]H# DQG# FDUU\# WKURXJK# WKH
DQDO\VLV#WKH#LPSDFW#RI#NH\#XQFHUWDLQWLHV#LQ#HPLVVLRQV
HVWLPDWLRQ#PD\#JLYH# WKH#PLVOHDGLQJ# LPSUHVVLRQ# WKDW
WKHVH# XQFHUWDLQWLHV# DUH# OHVV# LPSRUWDQW# WKDQ# RWKHU
TXDQWLILDEOH#VRXUFHV#RI#XQFHUWDLQW\1##)RU#H[DPSOH/#WKH
VWDWLVWLFDO#VLPXODWLRQ#PRGHOLQJ#DQDO\VLV#ZH#SUHVHQW#KHUH
UHIOHFWV#RQO\#TXDQWLILDEOH#VRXUFHV#RI#XQFHUWDLQW\#LQ#WKH
FRQFHQWUDWLRQ0UHVSRQVH#DQG#HFRQRPLF#YDOXDWLRQ#VWHSV
RI#WKH#DQDO\VLV1##8QFHUWDLQWLHV#LQ#HPLVVLRQV#HVWLPDWHV/
KRZHYHU/#PD\#EH#DPRQJ#WKH#PRVW# LPSRUWDQW# LQ#WKH
HQWLUH#DQDO\VLV1##(PLVVLRQV#HVWLPDWHV#DUH#D#FULWLFDO#ILUVW
VWHS# LQ# RXU# DSSURDFK/# VR# HUURUV# LQ# WKLV# VWHS# FDQ
PDJQLI\#DV#ZH#ZRUN#WKURXJK#WKH#VXEVHTXHQW#VWHSV#RI
WKH#DQDO\VLV1##2QH#ZD\#WR#HQKDQFH#WKH#TXDQWLILFDWLRQ#RI
HPLVVLRQV# HVWLPDWLRQ# XQFHUWDLQWLHV# LQ# IXWXUH

Cost Estimation

7KH# ILUVW# SURVSHFWLYH# DQDO\VLV# UHOLHV# RQ# GLUHFW
H[SHQGLWXUH#HVWLPDWHV#WR#FKDUDFWHUL]H#WKH#FRVWV#RI#WKH
&$$$1# $V# ZH# VWDWH# LQ# WKH# UHSRUW/# WKLV# DSSURDFK
SUREDEO\#GRHV#QRW#UHSUHVHQW#D#ODUJH#VRXUFH#RI#HUURU#LQ
RXU# HVWLPDWH#RI# VRFLDO# FRVWV/# WKRXJK# WKHUH# LV# VRPH
HYLGHQFH#LW#PD\#SURYLGH#FRQVHUYDWLYH#HVWLPDWHV1##7KH
GLUHFW#FRVW#DSSURDFK#GRHV#QRW#SURYLGH#LQIRUPDWLRQ#RQ
RWKHU#SRWHQWLDO#FDWHJRULHV#RI# LPSDFW#WKDW#PD\#EH#RI
LQWHUHVW/# KRZHYHU/# LQFOXGLQJ# WRWDO# HPSOR\PHQW/
HPSOR\PHQW#E\#VHFWRU/#FDSLWDO#DFFXPXODWLRQ#SDWWHUQV/
DQG# WKH# SDFH# RI# WHFKQRORJLFDO# FKDQJH1# #$GGLWLRQDO
FRVW0HIIHFWLYH#WRROV#DUH#QHHGHG#WR#EHWWHU#HVWLPDWH#WKH
VHFRQGDU\#LPSDFWV#RI#GLUHFW#FRVW#HVWLPDWHV#IRU#EURDG/
SURJUDPPDWLF# DVVHVVPHQWV# VXFK# DV# WKH# VHFWLRQ# ;45
VHULHV1##

2QH#SRWHQWLDOO\# LPSRUWDQW# DUHD#ZKHUH# UHVHDUFK
PD\# HQKDQFH# RXU# DELOLW\# WR# FRQGXFW# EURDGHU
DVVHVVPHQWV# LV#GHYHORSPHQW#RI# FRPSXWDEOH#JHQHUDO
HTXLOLEULXP#+&*(,#PRGHOV#WKDW#FDQ#EH#LPSOHPHQWHG
LQ# D# UHVRXUFH0HIIHFWLYH#PDQQHU1# #7KH# SRWHQWLDO# IRU
LQWURGXFLQJ# DGGLWLRQDO# HUURU# ZKHQ# XVLQJ# VXFK# D
IRUHFDVWLQJ# WRRO/# KRZHYHU/# GHPDQGV# WKH#PRGHO# EH
FDSDEOH#RI#SURFHVVLQJ#PDQ\#VFHQDULRV#RI# LPSRUWDQW
HFRQRPLF# LQSXWV# +H1J1/# DOWHUQDWLYH# LQWHUHVW# UDWH
VFHQDULRV,# WR# EHWWHU# EUDFNHW# WKH# UDQJH# RI# IXWXUH
RXWFRPHV#UHOHYDQW#WR#&$$$#LPSOHPHQWDWLRQ1##

$#ZHOO0GHVLJQHG#&*(#PRGHO#PD\#DOVR#HQKDQFH
RXU# FDSDELOLW\# WR# HVWLPDWH# WKH# HIIHFWV# RI# WKH# WD[0
LQWHUDFWLRQ#HIIHFW/#ERWK#RQ# WKH#FRVW#DQG# WKH#EHQHILW
VLGH1##$GGLWLRQDO#HPSLULFDO#ZRUN#ZLOO#DOVR#EH#QHHGHG#WR
FRQILUP#WKDW#WKH#PDJQLWXGH#RI#WKH#HIIHFW#HVWLPDWHG#LQ
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WKH#FXUUHQW#OLWHUDWXUH/#ZKLFK#LV#ODUJHO\#FRQILQHG#WR#WKH SURYLGH# HVWLPDWHV# EDVHG# VROHO\# RQ# FKDQJHV# LQ# WKH
HOHFWULF#XWLOLW\#VHFWRU/#LV#DSSOLFDEOH#IRU#RWKHU#HFRQRPLF FRQFHQWUDWLRQV#RI#VXOIDWH0#DQG#QLWUDWH0GHULYHG#SDUWLFOHV/
VHFWRUV#ZKHUH#WKH#FRPSHWLWLYH#G\QDPLFV#DQG#FDSLWDO0 ZLWK#OLPLWHG#DELOLWLHV#WR#DVVHVV#FKDQJHV#DVVRFLDWHG#ZLWK
LQWHQVLW\#RI#SURGXFWLRQ#PD\#GLIIHU#IURP#WKRVH#LQ#WKH RUJDQLF#SUHFXUVRUV#RI#ILQH#SDUWLFOHV1##*DLQLQJ#D#JRRG
HOHFWULF#XWLOLW\#LQGXVWU\1 XQGHUVWDQGLQJ#RI#RUJDQLF#SDUWLFOH#IRUPDWLRQ#PD\#DOVR

Air Quality Modeling

2XU# FXUUHQW# OLPLWHG# DELOLW\# WR# GLVDJJUHJDWH# WKH
RYHUDOO#EHQHILWV#RI#WKH#&$$$#LV#ODUJHO\#DWWULEXWDEOH#WR
WKH#FRPSOH[LW\#RI#WKH#UHODWLRQVKLSV#EHWZHHQ#FKDQJHV
LQ#SUHFXUVRU#HPLVVLRQV#DQG#WKH#DPELHQW#FRQFHQWUDWLRQ
RXWFRPHV1# # )RU# H[DPSOH/# QLWURJHQ# R[LGHV# DUH# SUH0
FXUVRUV#RI#ERWK#ILQH#SDUWLFXODWH#PDWWHU#DQG#R]RQH/#DQG
WKHLU# SUHVHQFH# LQ# WKH# DWPRVSKHUH# DOVR# DIIHFWV# WKH
FRQYHUVLRQ# RI# VXOIXU# GLR[LGH# WR# ILQH# SDUWLFOHV1# # ,Q
DGGLWLRQ/# ZKLOH# ORZ# OHYHOV# RI# QLWURJHQ# R[LGHV# FDQ
FRQWULEXWH#WR#HOHYDWHG#R]RQH#FRQFHQWUDWLRQV/#YHU\#KLJK
OHYHOV#RI#QLWURJHQ#R[LGHV/# LQ# WKH# ULJKW# FRPELQDWLRQ
ZLWK#92&V#DQG#FHUWDLQ#PHWHRURORJLFDO#FRQGLWLRQV/#FDQ
VXSSUHVV#R]RQH#FRQFHQWUDWLRQV1##7KHVH#FRPSOH[#LQWHU0
UHODWLRQVKLSV#DPRQJ#SROOXWDQWV#DIIHFWHG#E\#WKH#&$$$/
FRXSOHG# ZLWK# WKH# QDWLRQDO# VFRSH# RI# WKH# DQDO\VLV
FRQGXFWHG# KHUH/# GHPDQG# WKH# XVH# RI# DQ# DLU# TXDOLW\
PRGHOLQJ# WHFKQLTXH# WKDW# DFFXUDWHO\# UHIOHFWV# WKH
FRPSOH[LWLHV#RI#DWPRVSKHULF#FKHPLVWU\1# #(VWLPDWLQJ
WKH# LQFUHPHQWDO# LPSDFW#RI#YDULRXV# FRPELQDWLRQV#RI
HPLVVLRQV#FKDQJHV#ZRXOG#UHTXLUH#WKH#UHSHDWHG#H[HUFLVH
RI# WKH#PRGHO# IRU# HDFK# DOWHUQDWLYH# VHW# RI# HPLVVLRQV
VFHQDULRV#RI#LQWHUHVW1

7KH#PRGHOV#ZH#FKRVH#IRU#WKLV#DQDO\VLV/#ZKLOH#WKH\
UHSUHVHQW# WKH# FXUUHQW# VWDWH# RI# WKH# DUW# LQ#PRGHOLQJ 7KH# UHVXOWV#RI#RXU#DQDO\VLV#FOHDUO\#KLJKOLJKW# WKH
DWPRVSKHULF#FKHPLVWU\/#DUH#GLIILFXOW#DQG#H[SHQVLYH#WR LPSRUWDQFH#RI#WKH#OLQN#EHWZHHQ#SUHPDWXUH#PRUWDOLW\
UXQ#IRU#D#ZLGH#UDQJH#RI#VFHQDULRV1# #7R# LPSURYH#RXU DQG#DLU#SROOXWLRQ1##7KH#ZLGH#UDQJH#RI#FXUUHQW#UHVHDUFK
DELOLW\#WR#GLVDJJUHJDWH#WKH#EHQHILWV#RI#WKH#&$$$/#ZH RQ#WKLV#OLQN/#LQFOXGLQJ#WKH#VHYHUDO#VKRUW0WHUP#DQG#ORQJ0
QHHG# D# IXOO\# LQWHJUDWHG# DLU# TXDOLW\# PRGHOLQJ# DQG WHUP# FRKRUW# VWXGLHV/# SURYLGHV# D# VWURQJ# EDVLV# IRU
HPLVVLRQV#LQSXW#V\VWHP#WKDW#DFFRXQWV#IRU#WKH#IXOO#UDQJH HVWDEOLVKLQJ# WKDW# SDUWLFXODWH# PDWWHU# FRQWULEXWHV# WR
RI# SROOXWDQW# LQWHUDFWLRQV# DQG# UHOHYDQW# DWPRVSKHULF SUHPDWXUH#PRUWDOLW\#DPRQJ#WKH#H[SRVHG#SRSXODWLRQ1
FKHPLVWU\1##7KH#FXUUHQW#0RGHOV06#HIIRUW#KROGV#SURPLVH 7KH# H[LVWLQJ# VWXGLHV/# KRZHYHU/# DUH# OLPLWHG# E\# WKH
LQ#WKLV#DUHD/#EXW#PXVW#EH#DGHTXDWHO\#IXQGHG#WR#DFKLHYH DYDLODELOLW\# DQG# UHVROXWLRQ#RI# DLU#TXDOLW\#PRQLWRULQJ
WKHVH#JRDOV1# #3XUVXLW#RI# D# IXOO\# LQWHJUDWHG#PRGHOLQJ GDWD/# GDWD# RQ# WKH# FKDUDFWHULVWLFV# RI# H[SRVHG
V\VWHP# DOVR# KROGV# SURPLVH# IRU# JHQHUDWLQJ# PRUH SRSXODWLRQV/#DQG/#LQ#WKH#FDVH#RI#WKH#ORQJ0WHUP#VWXGLHV/
DFFXUDWH#DPELHQW#SDUWLFXODWH#PDWWHU#HVWLPDWHV1# #7KH H[WHQVLYH# WLPH0VHULHV#RI# WKHVH#GDWD1# #7KH#FRQWLQXHG
FXUUHQW# EHVW# PRGHOLQJ# V\VWHPV# IRU# WKLV# SXUSRVH HQKDQFHPHQW#RI#RXU#DLU#TXDOLW\#PRQLWRULQJ#QHWZRUN/

EH#DQ#LPSRUWDQW#JRDO#LQ#EHWWHU#FKDUDFWHUL]LQJ#WKH#IXOO
UDQJH#RI#LPSDFWV#RI#HIIRUWV#WR#FRQWURO#DLU#WR[LFV#XQGHU
7LWOH#,,,1##,Q#DGGLWLRQ/#D#PRUH#FRVW0HIIHFWLYH#DLU#TXDOLW\
PRGHOLQJ#WRRO#PD\#DOVR#HQKDQFH#RXU#DELOLW\#WR#FRQGXFW
FRPSDUDWLYH#DQDO\VHV#DQG#H[SORUH#WKH#VHQVLWLYLW\#RI#DLU
TXDOLW\#PRGHOLQJ#DQG#HPLVVLRQV#HVWLPDWLRQ#RXWFRPHV
WR#DOWHUQDWLYH#DVVXPSWLRQV#DQG#PRGHOLQJ#SDUDGLJPV1

,PSURYHPHQWV#LQ#H[SRVXUH#DQDO\VLV#PLJKW#DOVR#EH
PDGH#ZLWK# DGGLWLRQDO# UHVHDUFK# LQWR# WHFKQLTXHV# IRU
H[WUDSRODWLQJ#WKH#UHVXOWV#RI#PRQLWRU0EDVHG#DQDO\VHV#WR
XQPRQLWRUHG#DUHDV1##,Q#SDUWLFXODU/#ZH#VXJJHVW#IXUWKHU
H[SORUDWLRQ#DQG#GHYHORSPHQW#RI#PHWKRGV# WKDW#EDVH
H[WUDSRODWLRQ#RQ#WKH#FDXVHV#RI#DPELHQW#DLU#TXDOLW\#+H1J1/
ORFDO# ODQG# XVH/# HPLVVLRQV# FKDUDFWHUL]DWLRQV/
PHWHRURORJ\/#DQG#WHUUDLQ,/#UDWKHU#WKDQ#WKH#RXWFRPHV#RI
DLU#TXDOLW\#PRGHOLQJ#+H1J1/#VLPSOH#H[WUDSRODWLRQ#RI#DLU
TXDOLW\#FRQFHQWUDWLRQV,1##,Q#WKH#FRXUVH#RI#GHYHORSLQJ
WKLV# DQDO\VLV/# ZH# EHJDQ# GHYHORSPHQW# RI# VXFK# DQ
DSSURDFK/# WHUPHG# WKH# ´KRPRORJ\# PDSSLQJµ
WHFKQLTXH1##&RQWLQXHG#GHYHORSPHQW#RI#WKLV#WRRO#FRXOG
LPSURYH# WKH# DFFXUDF\# RI# RXU# HVWLPDWHV# LQ# IXWXUH
DQDO\VHV# IRU# WKRVH# DUHDV# WKDW# DUH# GLVWDQW# IURP
PRQLWRUV1

Human Health Effects Estimation
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SDUWLFXODUO\#IRU#ILQH#SDUWLFOHV/# LV#FULWLFDO#WR#WKH#EHWWHU KRZHYHU/#D#UHJLRQDO#DSSURDFK#PD\#EH#DQ#RSWLRQ#IRU
XQGHUVWDQGLQJ# RI# WKH# UHODWLRQVKLSV# EHWZHHQ# ILQH IXWXUH#DVVHVVPHQWV1##,Q#WKH#PHDQWLPH/#LW#LV#LPSRUWDQW
SDUWLFOHV#DQG#KXPDQ#KHDOWK#HIIHFWV1##'HYHORSLQJ#ORQJ0 WR# FRQWLQXH# WR# GHYHORS# D# EURDGHU# EDVH# RI# UHJLRQDO
WLPH# VHULHV# RI# ILQH# SDUWLFOH# GDWD# ZLOO# WDNH# WLPH/ HVWLPDWHV#RI#WKH#HIIHFWV#RI#PXOWLSOH#SROOXWDQWV#RQ#NH\
KRZHYHU1#,Q#WKH#PHDQWLPH/#LW#LV#LPSRUWDQW#WR#FRQWLQXH KHDOWK# RXWFRPHV/# LQFOXGLQJ# PRUWDOLW\/# FKURQLF
HIIRUWV#WR#EHWWHU#LVRODWH#WKH#VHSDUDWH#DQG#MRLQW#LPSDFWV EURQFKLWLV/#DQG#KRVSLWDO#DGPLVVLRQV/#WR#EHWWHU#UHIOHFW
RI# DPELHQW# SROOXWDQWV# RQ# SUHPDWXUH# PRUWDOLW\/ WKH# LPSDFW# RI# SRWHQWLDOO\# LPSRUWDQW# UHJLRQDO
LQFOXGLQJ#EHWWHU#UHVROXWLRQ#RI#WKH#LQFUHPHQWDO#LPSDFWV GLIIHUHQFHV#LQ#WKH#FRPSRVLWLRQ#RI#SDUWLFXODWH#PDWWHU
RI#R]RQH/#FDUERQ#PRQR[LGH/#QLWURJHQ#R[LGHV/#VXOIDWHV/ DQG#RWKHU#KXPDQ#KHDOWK# VWUHVVRUV1# #([SDQGLQJ# WKH
DQG#SDUWLFOHV#LQ#WKH#XOWUDILQH#DQG#ILQH#IUDFWLRQ/#DV#ZHOO FXUUHQW#OLWHUDWXUH#EDVH#PD\#DOVR#SURYLGH#D#EHWWHU#PHDQV
DV#WKH#FRDUVH#SDUWLFOHV#ZLWKLQ#30 1 IRU# HYDOXDWLQJ# WKH# HIIHFWV# RI# DLU# SROOXWLRQ# RQ# VXE043

,Q#DGGLWLRQ/#WKH#VHQVLWLYLW\#DQDO\VHV#SUHVHQWHG#LQ LQILUP/#WKDW#PD\#EH#RI# LQFUHDVLQJ# LPSRUWDQFH# LQ#WKH
$SSHQGL[#'# VKRZ# WKDW# D# UHVROXWLRQ# RI# FRPSHWLQJ )HGHUDO#JRYHUQPHQW#UHJXODWRU\#HIIRUW1##
DOWHUQDWLYH# K\SRWKHVHV# DERXW# WKH# SUHVHQFH# DQG
SRWHQWLDO# WLPH# SHULRG# RI# D# ODJ# LQ# WKH# LQFLGHQFH# RI
SUHPDWXUH# PRUWDOLW\# IROORZLQJ# H[SRVXUH# PD\# EH
LPSRUWDQW1# #$OWKRXJK# LQ# RXU# MXGJPHQW# DVVXPLQJ# D
GLVWULEXWHG# ILYH0\HDU# ODJ# SHULRG#PD\# EH# ZDUUDQWHG/
WKHUH#LV#QR#VFLHQWLILF#EDVLV#IRU#HLWKHU#WKH#DVVXPSWLRQ#RI
D#ODJ#RU#IRU#GHWHUPLQLQJ#WKH#DSSURSULDWH#WLPH#SHULRG1
:H#EHOLHYH#LW#ZLOO#FRQWLQXH#WR#EH#LPSRUWDQW#WR#HYDOXDWH
WKH# H[LVWLQJ# HYLGHQFH# DQG# GHYHORS# QHZ# VWXGLHV# WR
FODULI\# WKH# H[WHQW# WR#ZKLFK# WKH#SUHPDWXUH#PRUWDOLW\
RXWFRPHV# UHIOHFWHG# LQ# WKH# H[LVWLQJ# HSLGHPLRORJLFDO
OLWHUDWXUH# RXJKW# WR# UHIOHFW# D# ODJ# SHULRG# EHWZHHQ
H[SRVXUH#DQG#WKH#PRUWDOLW\#HIIHFW1

)RU# SUHPDWXUH#PRUWDOLW\# DQG# IRU# RWKHU# KHDOWK
HIIHFWV/#RXU#DQDO\VLV#LV#EDVHG#RQ#WKH#SUHPLVH#WKDW#WKH
DYDLODEOH# OLWHUDWXUH# SURYLGHV# EURDGO\# DSSOLFDEOH
FKDUDFWHUL]DWLRQV# RI# WKH# UHODWLRQVKLSV# EHWZHHQ
H[SRVXUH#WR#DLU#SROOXWDQWV#DQG#WKH#LQFLGHQFH#RI#KHDOWK
HIIHFWV1##:H#XVH#WKH#UHVXOWV#RI#DYDLODEOH#VWXGLHV#RQ#D
QDWLRQDO#EDVLV/#DOWKRXJK#LQ#PDQ\#FDVHV#WKH#XQGHUO\LQJ
OLWHUDWXUH# PD\# EH# EDVHG# RQ# DQDO\VLV# RI# WKH
FRQFHQWUDWLRQ0UHVSRQVH# UHODWLRQVKLS# LQ# D# SDUWLFXODU
UHJLRQ1# #,W# LV#SRVVLEOH/#KRZHYHU/# WKDW#UHJLRQ0VSHFLILF
IDFWRUV#PD\#SOD\#D#UROH#LQ#WKH#UHVXOWV#RI#WKHVH#VWXGLHV1
)RU#H[DPSOH/#WKH#FRPSRVLWLRQ#RI#DLU#SROOXWDQWV#VXFK#DV
SDUWLFXODWH#PDWWHU#YDULHV#E\#UHJLRQ/#DQG#LW#LV#SRVVLEOH
WKDW#RWKHU/#SHUKDSV#XQREVHUYDEOH#IDFWRUV#PD\#KDYH#D
V\QHUJLVWLF# RU#PLWLJDWLQJ# HIIHFW# RQ# WKH# LQFUHPHQWDO
LQFLGHQFH# RI# KHDOWK# HIIHFWV1# # 7KH# OLWHUDWXUH# RQ# DLU
SROOXWLRQ·V#LQIOXHQFH#RQ#KHDOWK#LV#QRW#\HW#EURDG#HQRXJK
IRU# XV# WR# LPSOHPHQW# D# UHJLRQDO# DSSURDFK# WR#KHDOWK
HIIHFWV#HVWLPDWLRQ1# #$V# WKH# OLWHUDWXUH#EDVH#GHYHORSV/

SRSXODWLRQV#RI#LQGLYLGXDOV/#VXFK#DV#FKLOGUHQ#DQG#WKH

Evaluation of the Effects of Air
Toxics

,Q#RUGHU#WR#GHYHORS#D#PHDQLQJIXO#HVWLPDWH#RI#WKH
EHQHILWV# RI# DLU# WR[LFV# FRQWUROV# IRU# IXWXUH# ;45
3URVSHFWLYH# DQDO\VHV/# ZH# PXVW# DGGUHVV# H[LVWLQJ
NQRZOHGJH# JDSV# DQG# RWKHU#PHWKRGRORJLFDO# EDUULHUV
WKDW#SUHYHQW#PRUH#UHDOLVWLF#DQDO\VHV#RI#WKH#EHQHILWV#RI
DLU#WR[LFV#FRQWURO1###:H#KDYH#DOUHDG\#EHJXQ#GHYHORSLQJ
D#GHWDLOHG#UHVHDUFK#SODQ#IRU#LPSURYLQJ#WKH#DVVHVVPHQW
RI# DLU# WR[LFV# LQ# IXWXUH# SURVSHFWLYH# DQDO\VHV1# # )RU
H[DPSOH/#(3$#KDV#DJUHHG#WR#VSRQVRU#ZRUNVKRSV#WKDW
EULQJ#WRJHWKHU#H[SHUWV#LQ#WR[LFRORJ\/#H[SRVXUH#DQG#ULVN
DVVHVVPHQW/# DQG# HFRQRPLFV# ZLWK# WKH# JRDO# RI
HVWDEOLVKLQJ# D# IUDPHZRUN# IRU# DLU# WR[LFV# EHQHILW
HVWLPDWLRQ1##,Q#HVWDEOLVKLQJ#VXFK#D#IUDPHZRUN/#ZH#ZLOO
QHHG#WR#DGGUHVV#LVVXHV#DQG#UHVHDUFK#QHHGV#UHODWHG#WR
HVWLPDWLQJ#ERWK#DLU# WR[LFV#H[SRVXUH#DQG# WKH#KD]DUG
SRVHG#E\#LQGLYLGXDO#DLU#WR[LFV1

([SRVXUH0UHODWHG#UHVHDUFK#QHHGV#LQFOXGH#ERWK#WKH
GHYHORSPHQW#RI#D#GDWDEDVH#RI#DLU#WR[LFV#PHDVXUHPHQWV
DQG#WKH#H[WHQW#WR#ZKLFK#LQGLYLGXDOV/#RQ#DYHUDJH/#ZRXOG
EH# H[SRVHG# WR# WKH# PHDVXUHG# FRQFHQWUDWLRQV1# # 7R
DGGUHVV#WKH#ILUVW#LVVXH/#ZH#SODQ#WR#H[SORUH#WKH#SRWHQWLDO
IRU# FRPSLOLQJ# D# GDWDEDVH# RI# DLU# WR[LFV# GDWD# IURP
HVWDEOLVKHG#VWDWH#DLU#WR[LFV#PRQLWRULQJ#QHWZRUNV1##:H
DOVR#SODQ# WR#H[SORUH#GHVLJQ#RSWLRQV# IRU# WKH# %VXSHU0
VLWH%#PRQLWRULQJ#SURJUDPV#WKDW#ZLOO#SHUPLW#WKHP#WR#EH
H[SORLWHG#WR#EHWWHU#XQGHUVWDQG#H[SRVXUH#WR#DLU#WR[LFV
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OLQNHG#WR#NH\#KHDOWK#HIIHFWV#FDWHJRULHV/#DQG#WR#LPSURYH 2XU#FXUUHQW#DQDO\VLV#VXJJHVWV#VHYHUDO#ZD\V#ZH#FDQ
WKH#SHUIRUPDQFH#RI#DPELHQW#FRQFHQWUDWLRQ#PRGHOLQJ HQKDQFH# WKH# FRPSUHKHQVLYHQHVV# RI# FRYHUDJH# IRU
HIIRUWV1 SRWHQWLDOO\# LPSRUWDQW# VHUYLFH# IORZV1# # )RU# H[DPSOH/

0RUH# JHQHUDOO\/# WKHUH# LV# D#QHHG# WR# FRQWLQXH# WR PHUFXU\#HPLVVLRQV#DWWULEXWDEOH#WR#&$$$#SURYLVLRQV/
SXUVXH# UHVHDUFK# DLPHG# DW# WKH# IROORZLQJ# JRDOV=# +D, DQG#WKHUH#LV#DQ#H[WHQVLYH#OLWHUDWXUH#RQ#WKH#HIIHFWV#RI
LPSURYLQJ# #PHWKRGV# WR# HVWLPDWH# FXUUHQW# OHYHOV# DQG PHUFXU\# LQ# HFRORJLFDO# V\VWHPV/# WKHUH# DUH# JUHDW
IXWXUH#FKDQJHV#LQ#DFXWH#DQG#FKURQLF#DPELHQW#H[SRVXUH XQFHUWDLQWLHV# LQ#HVWLPDWLQJ#WKH#IDWH#DQG#WUDQVSRUW#RI
FRQGLWLRQV# QDWLRQZLGH># +E,# HYDOXDWLQJ# WKH# IXOO LQFUHPHQWDO#LQFUHDVHV#LQ#DLUERUQH#PHUFXU\#HPLVVLRQV1
GLVWULEXWLRQ#RI#FRQFHQWUDWLRQ0UHVSRQVH#UHODWLRQVKLSV 7KH#SHUVLVWHQFH#RI#WKLV#HOHPHQW/#WKH#SRWHQWLDOO\#ORQJ
OLQNLQJ#H[SRVXUH#DQG#KHDOWK#RXWFRPHV/#ZLWK#WKH#JRDO UHFRYHU\# WLPHV# IRU#HFRORJLFDO#V\VWHPV#FRQWDPLQDWHG
RI#SURYLGLQJ#D#EHWWHU#HVWLPDWH#RI#WKH#FHQWUDO#WHQGHQF\ ZLWK# PHUFXU\/# DQG# WKH# SRWHQWLDOO\# JOREDO# VFDOH# RI
RI# WKH# UHODWLRQVKLSV# WR# VXSSRUW# SULPDU\# EHQHILWV PHUFXU\#WUDQVSRUW#VXJJHVW#WKDW#RYHUFRPLQJ#WKLV#EDUULHU
HVWLPDWLRQ># DQG# +F,# WDLORULQJ# HFRQRPLF# YDOXDWLRQ ZLOO# EH# FKDOOHQJLQJ># KRZHYHU/# H[LVWLQJ# WRROV# PD\
PHWKRGV# IRU# WKH# EURDG# DUUD\# RI# SRWHQWLDO# VHULRXV SURYLGH#D#JRRG#VWDUWLQJ#SRLQW#IRU#ERXQGLQJ#DQDO\VHV1
KHDOWK# HIIHFWV# VXFK# DV# UHQDO# GDPDJH/# UHSURGXFWLYH 6LPLODU#LVVXHV#DUH#SUHVHQW#LQ#DVVHVVLQJ#WKH#HFRORJLFDO
HIIHFWV# DQG# IDWDO# DQG# QRQ0IDWDO# FDQFHUV/# LQFOXGLQJ HIIHFWV#RI# DLU# WR[LFV1# #6RPH# WR[LFV# DUH#SHUVLVWHQW# LQ
DFFXUDWH#FKDUDFWHUL]DWLRQ#RI#WKH#LPSDFW#RQ#YDOXDWLRQ#RI QDWXUDO#V\VWHPV/#FDQ#EH#DWWULEXWHG#WR#PXOWLSOH#DLUERUQH
ODWHQF\#SHULRGV#IRU#WKHVH#HIIHFWV/#ZKHUH#DSSOLFDEOH1 DQG#RWKHU#VRXUFHV/#DQG#KDYH#EHHQ#DFFXPXODWLQJ#LQ#WKH

Ecological Effects Estimation FRPSOH[LWLHV# RI# VRXUFH0UHFHSWRU# UHODWLRQVKLSV# DQG

7KH# UHVHDUFK# QHHGV# IRU# IXWXUH# DQDO\VLV# RI# WKH
&$$$*V#HFRORJLFDO#EHQHILWV#FDQ#EH#YLHZHG#IURP#WZR
SHUVSHFWLYHV1#7KH#ILUVW# LV#WKH#YDOXDWLRQ#RI#DGGLWLRQDO
ILUVW#RUGHU/# DFXWH# HFRORJLFDO# HIIHFWV# WKDW# FKDQJH# WKH
OHYHO# RI# VHUYLFH# IORZV# VRFLHW\# UHFHLYHV# IURP
HFRV\VWHPV/#DQG#WKH#VHFRQG#LV#DVVHVVLQJ#DQG#YDOXLQJ
WKH#EURDGHU#FKDQJHV#WR#WKH#VWUXFWXUH#DQG#IXQFWLRQ#RI
HFRV\VWHPV1# #2XU# DQDO\VLV# UHIOHFWV# WKH# VWDWH# RI# WKH
FXUUHQW#GDWD#DQG#PHWKRGV#LQ#WKLV#DUHD#E\#FKDUDFWHUL]LQJ
DQG#TXDQWLI\LQJ#HFRV\VWHP#VHUYLFH#IORZV#DIIHFWHG#E\#DLU
SROOXWDQWV/#EXW#PDQ\#JDSV#UHPDLQ1##3XUVXLQJ#D#VWUDWHJ\
RI# HQODUJLQJ# WKH# DUUD\# RI# TXDQWLILHG# VHUYLFH# IORZV
ZRXOG#HQWDLO#IXUWKHU#GHYHORSPHQW#RI#HFRQRPLF#PRGHOV
DQG#FROOHFWLRQ#RI#GDWD1# #+RZHYHU/#QRWDEO\#DEVHQW# LQ
WKLV#UHSRUW#LV#TXDQWLWDWLYH#WUHDWPHQW#RI#WKH#FKDQJHV#RI
HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ# WKDW# GR# QRW
PHDVXUDEO\#DIIHFW# WKH#SURYLVLRQ#RI# VHUYLFH# IORZV# WR
VRFLHW\/#VXFK#DV#QXWULHQW#F\FOLQJ/#VSHFLHV#FRPSRVLWLRQ/
DQG# WKH# UHVLVWDQFH# DQG# UHVLOLHQFH# RI# HFRV\VWHPV# WR
GLVWXUEDQFH1#%HFDXVH#PDQ\#HFRORJLFDO#EHQHILWV#RI#WKH
&$$$# IDOO# LQWR# WKLV#FDWHJRU\/# IXWXUH#UHVHDUFK#FRXOG
DGRSW#D#VWUDWHJ\#RI#GHYHORSLQJ#DQDO\WLF#WRROV#WR#DVVLVW
LQ#WKH#YDOXDWLRQ#RI#WKHVH#LPSDFWV1

ZKLOH#ZH# FDQ# GHYHORS# HVWLPDWHV# RI# WKH# FKDQJHV# LQ

HQYLURQPHQW# IRU# PDQ\# \HDUV1# # $QDO\VHV# DLPHG# DW
FKDUDFWHUL]LQJ#HIIHFWV#DW#WKH#ZDWHUVKHG#OHYHO/#KRZHYHU/
PD\# EH#PRUH# VXFFHVVIXO# LQ# FDSWXULQJ#PDQ\# RI# WKH

UHFHSWRU# VHQVLWLYLWLHV# WKDQ# WKH# QDWLRQDO# DQDO\VHV#ZH
KDYH#WUDGLWLRQDOO\#SXUVXHG1##

$QDO\VHV# RI#QLWURJHQ# GHSRVLWLRQ# LQ# WKH# FXUUHQW
UHSRUW#DUH#EDVHG#RQ#D#GLVSODFHG#FRVW#DSSURDFK1##7KH
XQFHUWDLQWLHV#DQG#SRWHQWLDO#FLUFXODULW\#RI#WKLV#DSSURDFK
OLPLW#LWV#DSSOLFDELOLW\#WR#D#VXEVHW#RI#WKH#DTXDWLF#V\VWHPV
VXVFHSWLEOH# WR# HXWURSKLFDWLRQ1# # $# PRUH# ZLGHO\
DSSOLFDEOH#DQG#WKHUHIRUH#PRUH#SURPLVLQJ#DSSURDFK#IRU
IXWXUH#DQDO\VHV#ZLOO#EH#DQ#DYRLGHG#GDPDJHV#DQDO\VLV1
7R# FRPSOHWH# VXFK# DQ# DSSURDFK/# KRZHYHU/# IXUWKHU
UHVHDUFK#LV#QHHGHG#WR#EHWWHU#H[SODLQ#WKH#GRVH0UHVSRQVH
UHODWLRQVKLSV# EHWZHHQ# LQFUHDVHG# QLWURJHQ# ORDGV/
WKUHVKROGV# RI# QLWURJHQ# ORDGLQJ# WKDW# OHDG# WR
HXWURSKLFDWLRQ/#DQG# WKH#HFRORJLFDO#PHFKDQLVPV# WKDW
OHDG#WR#WKH#ORVV#RI#VHUYLFH#IORZV#VXFK#DV#UHFUHDWLRQDO
DQG#FRPPHUFLDO#ILVKLQJ1##6RPH#UHFHQW#DQDO\VHV#DWWHPSW
WR# EULGJH# WKLV# JDS# WKURXJK# WKH# GHYHORSPHQW# RI
UHGXFHG# IRUP# UHODWLRQVKLSV#EHWZHHQ#QLWURJHQ# ORDGV
DQG# VHUYLFH# IORZ# GLVUXSWLRQ/# EXW# WKHVH# W\SHV# RI
DSSURDFKHV#DOVR#KDYH#RQO\#OLPLWHG#DSSOLFDELOLW\#XQOHVV
WKH\#FDQ#EH#VKRZQ#WR#KROG#IRU#ORQJ#SHULRGV#RI#WLPH
DQG# DFURVV# D#ZLGHU# UDQJH#RI#PDULQH# HQYLURQPHQWV/
FOLPDWH#FRQGLWLRQV/#DQG#VSHFLHV#W\SHV1
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,Q#VRPH#FDVHV#DFXWH#LPSDFWV#WR#HFRV\VWHPV/#VXFK DQDO\VWV# FDQ# FRQVWUXFW# SODXVLEOH# VFHQDULRV# RI
DV#WKH#GLVDSSHDUDQFH#RI#JDPH#VSHFLHV#IURP#SDUWLFXODU DOWHUQDWLYH# HFRV\VWHP#RXWFRPHV# IRU# UHVSRQGHQWV# WR
HFRV\VWHPV# RU# IROLDU# GDPDJH# WR# WUHHV/# DWWUDFW# WKH UHDFW# WR1# #7R# OD\# WKH#JURXQGZRUN# IRU# WKHVH#HIIRUWV/
DWWHQWLRQ#RI#WKH#SXEOLF#DQG#SROLF\#PDNHUV1##6XFK#DFXWH WKHUH# LV# DQ# LPPHGLDWH# QHHG# WR# LGHQWLI\# WKH# NH\
LPSDFWV#JHQHUDOO\#KDYH#HIIHFWV#WKDW#DUH#REVHUYDEOH#DQG DWWULEXWHV# RI# HFRV\VWHPV# WKDW# DUH# PRVW# YDOXHG# E\
DOWHU# WKH# SURYLVLRQ# RI# HFRV\VWHP# VHUYLFHV# LQ# D LQGLYLGXDOV1# #7KH# UHVXOWV#RI# WKRVH# W\SHV#RI# VFRSLQJ
PHDVXUDEOH# ZD\1# # /HVV# RIWHQ# QRWLFHG# DUH# WKH DQDO\VHV# PLJKW# EH# XVHIXO# LQ# WDUJHWLQJ# VXEVHTXHQW
HFRV\VWHP0OHYHO# HFRORJLFDO# LPSDFWV# WKDW# FKDQJH VFLHQWLILF# DQG# HFRORJLFDO# UHVHDUFK/#ZLWK# WKH# JRDO# RI
HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ# EXW# GR# QRW GHYHORSLQJ# SLORW# DQDO\VHV# WKDW# LQWHJUDWH# UREXVW# DQG
LPPHGLDWHO\#DIIHFW#VHUYLFH# IORZV# UHFHLYHG# IURP# WKDW UHDOLVWLF#FKDUDFWHUL]DWLRQV#RI#WKH#FKDQJHV#LQ#HFRORJLFDO
HFRV\VWHP1##%\#IRFXVLQJ#RQ#DFXWH#LPSDFWV#LW#LV#SRVVLEOH UHVRXUFHV# DWWULEXWHG# WR# DLU# SROOXWLRQ# ZLWK# FDUHIXO
WR#ORVH#VLJKW#RI#HFRV\VWHP0OHYHO#FKDQJHV#WR#VWUXFWXUH HFRQRPLF#YDOXDWLRQ#DSSURDFKHV#WR#DVVHVV#WKH#YDOXH#RI
DQG#IXQFWLRQ#WKDW#FRXOG#HYHQWXDOO\#OHDG#WR#ODUJH0VFDOH DYRLGLQJ#WKRVH#FKDQJHV1
LPSDFWV# IDU#JUHDWHU# LQ#GHJUHH#DQG#JHRJUDSKLF#H[WHQW
WKDQ#WKH#FRQWHPSRUDQHRXV/#DFXWH#HIIHFWV1 7KH# LVRODWLRQ# RI# VHUYLFH# IORZV/# ZKLOH# D# XVHIXO

(FRV\VWHPV# JHQHUDOO\# PDLQWDLQ# PXOWLSOH RI# DLU# SROOXWDQWV# RQ# HFRV\VWHPV/# PD\# LPSO\# DQ
LQWHUFKDQJHDEOH#HOHPHQWV#WKDW#PD\#GULYH#D#SDUWLFXODU RYHUVLPSOLILHG#FDXVH#DQG#HIIHFW#UHODWLRQVKLS#EHWZHHQ
SURFHVV/#DV#K\SRWKHVL]HG#E\#2GXP#+4<;8,#IRU#IRUHVW SROOXWLRQ#DQG#WKH#SURYLVLRQ#RI#WKH#VHUYLFH#IORZ1##$V
HFRV\VWHPV#DQG#+RZDUWK#+4<<4,#IRU#DTXDWLF#V\VWHPV1 RXU#DQDO\VLV#VXJJHVWV/#RIWHQ#WKH#VHUYLFH#IORZ#LV#DIIHFWHG
7KLV#DOORZV#IRU#QDWXUDO#YDULDWLRQ#LQ#WKHVH#HOHPHQWV#DV E\# FRPSOH[# QRQ0OLQHDU# UHODWLRQVKLSV# WKDW# JRYHUQ
ZHOO# DV# ORQJ0WHUP# F\FOHV# LQ# ZKLFK# VRPH# HOHPHQWV HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ1# # 3XUVXLW# RI# WKH
GRPLQDWH#RYHU#RWKHUV1# #([SOLFLW# LQ# WKH#GHILQLWLRQ#RI VKRUW0WHUP#JRDO#RI#HQKDQFLQJ#RXU#XQGHUVWDQGLQJ#RI
HFRORJLFDO#VWUXFWXUH#DQG#IXQFWLRQ# LV#WKH#DELOLW\#RI#DQ HFRORJLFDO# HIIHFWV# RQ# VHUYLFH# IORZV#PD\# XOWLPDWHO\
HFRV\VWHP# WR# DGDSW# WR# QDWXUDO# FKDQJHV# LQ# LWV SURYLGH#QHZ#LQVLJKWV#LQWR#RXU#XQGHUVWDQGLQJ#RI#WKHVH
HQYLURQPHQW1# # :KHQ# SROOXWLRQ# DIIHFWV# HFRV\VWHP FRPSOH[#UHODWLRQVKLSV1##$W#WKH#VDPH#WLPH/#ZH#VXJJHVW
IXQFWLRQV# VXFK# DV# QXWULHQW# F\FOLQJ/#ZDWHU# ILOWUDWLRQ/ WKDW# LW# ZLOO# FRQWLQXH# WR# EH# LPSRUWDQW# WR# SXUVXH
ELRORJLFDO#GLYHUVLW\/#DQG#SURYLVLRQ#RI#KDELWDW/# LW#PD\ PHWKRGV# WR#HVWLPDWH# WKH#HIIHFWV#RI#DLU#SROOXWLRQ#RQ
DOVR#EH#SUHFOXGLQJ# WKH#V\VWHP*V#DELOLW\# WR#DGDSW#DQG RWKHU#HFRORJLFDO#LQGLFDWRUV#RI#FRQFHUQ/#LQFOXGLQJ#WKRVH
UHVSRQG#WR#FKDQJH#DQG#SHUIRUP#WKHVH#IXQFWLRQV#LQ#WKH WKDW# PD\# QRW# EH# GLUHFWO\# OLQNHG# WR# VHUYLFH# IORZV/
IXWXUH1# # 7KH# XOWLPDWH# HIIHFWV# RI# VXFK# FKDQJHV# LQ UHFRJQL]LQJ# WKDW# DFFXUDWH# DVVHVVPHQW#RI# FKDQJHV# LQ
HFRV\VWHPV#DUH#VRPHWLPHV#XQSUHGLFWDEOH#LQ#VFDOH#DQG QXWULHQW#F\FOLQJ/#ZDWHU#ILOWUDWLRQ/#ELRORJLFDO#GLYHUVLW\/
QDWXUH1# (FRV\VWHPV# LPSDFWHG# E\# PDQNLQG# PD\ SURYLVLRQ#RI#KDELWDW/# DQG#RWKHU# YDOXDEOH# DVSHFWV#RI
UHVSRQG# LQ# D# GLVFRQWLQXRXV#PDQQHU# DURXQG# FULWLFDO HFRV\VWHPV#PD\#XOWLPDWHO\#GHPDQG#D#EURDGHU#YLHZ#RI
WKUHVKROGV#WKDW#DUH#ERXQGDULHV#EHWZHHQ#ORFDOO\#VWDEOH WKHVH#HIIHFWV1
HTXLOLEULD#+&RPPRQ#DQG#3HUULQJV#4<<5>#&RQVWDQ]D#HW
DO#4<<6,1##&RPSOH[LW\#LQ#HFRV\VWHPV#SUHYHQWV#DQDO\VWV
IURP#XVLQJ# OLQHDU#PHWKRGV#WR#%DGG#XS%#WKH#GLVFUHWH
HFRORJLFDO#HIIHFWV#RI#SROOXWLRQ1

$GGLWLRQDO# UHVHDUFK# LV# DOVR# QHHGHG# WR# GHYHORS
HFRQRPLF# YDOXDWLRQ# PHWKRGV# WKDW# FDQ# DGHTXDWHO\
FKDUDFWHUL]H# WKH#PRQHWL]HG# EHQHILWV# RI#PDLQWDLQLQJ
HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ# LQ# WKHLU# FXUUHQW
VWDWHV1# #&RQWLQJHQW#YDOXDWLRQ#DSSURDFKHV#PD\#SURYH
YDOXDEOH/#EXW#WKH#VFLHQWLILF#EDVLV#IRU#HYDOXDWLQJ#FKDQJHV
LQ#HFRV\VWHPV#QHHGV#WR#EH#VXIILFLHQWO\#DGYDQFHG#WKDW

LQWHULP#WRRO#IRU#TXDQWLI\LQJ#DQG#PRQHWL]LQJ#WKH#HIIHFWV

Economic Valuation

7KH#LPSRUWDQFH#RI#WKH#HFRQRPLF#YDOXDWLRQ#VWHS#LQ
RXU#EHQHILWV#DVVHVVPHQW#LV#KLJKOLJKWHG#E\#RXU#DQDO\VLV
RI#WKH#LQIOXHQFH#RI#NH\#YDULDEOHV#RQ#WKH#RYHUDOO#UDQJH
RI#XQFHUWDLQW\#IURP#RXU#VWDWLVWLFDO#VLPOXDWLRQ#PRGHOLQJ
DQDO\VLV1##2XU#DQDO\VLV#FOHDUO\#VKRZV#WKDW#XQFHUWDLQW\#LQ
WKH# PHDVXUHPHQW# RI# WKH# YDOXH# RI# VWDWLVWLFDO# OLIH
GRPLQDWHV#WKH#TXDQWLILDEOH#XQFHUWDLQW\#LQ#RXU#RYHUDOO
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HVWLPDWHV1##,Q#DGGLWLRQ/#WKHUH#UHPDLQ#VHYHUDO#LPSRUWDQW IRU# D#QHZ#SDUDGLJP# IRU# YDOXDWLRQ#RI#PRUWDOLW\# ULVN
QRQ0TXDQWLILHG#XQFHUWDLQWLHV#LQ#WKH#XVH#RI#ODERU#PDUNHW UHGXFWLRQ1##
VWXGLHV# WR# YDOXH# DYRLGDQFH# RI# HQYLURQPHQWDO# ULVNV
IURP# DLU# SROOXWLRQ1# # 7KHVH# XQFHUWDLQWLHV# ZHUH# DOVR %H\RQG# WKH# YDOXDWLRQ# RI# DYRLGHG# SUHPDWXUH
KLJKOLJKWHG# LQ#WKH#VHFWLRQ#;45#UHWURVSHFWLYH#DQDO\VLV PRUWDOLW\/# WKHUH# DUH# VHYHUDO#RWKHU# DUHDV#RI# UHVHDUFK
UHSRUW/# DQG# DV# D# UHVXOW# PDQ\# DUH# FXUUHQWO\# EHLQJ WKDW/#LI#SXUVXHG/#FDQ#HQKDQFH#RXU#DELOLW\#WR#YDOXH#WKH
SXUVXHG# DV# SDUW# RI# IHGHUDOO\# VSRQVRUHG# DQG KHDOWK#RXWFRPHV#RI#UHGXFWLRQV#LQ#DLU#SROOXWDQWV1##)RU
LQGHSHQGHQW#UHVHDUFK#VWXGLHV1 H[DPSOH/#ZH#PXVW#GHYHORS#D#EURDGHU#UHVHDUFK#EDVH#IRU

)LUVW/#WR#WKH#H[WHQW#ZH#PXVW#FRQWLQXH#WR#UHO\#RQ FRQVWUXFWLRQ#RI#DQ#RYHUDOO#IUDPHZRUN#IRU#FRQVLGHULQJ
WKH#YDOXH#RI#VWDWLVWLFDO# OLIH# +96/,#DSSURDFK# WR#YDOXH WKH#ZHOIDUH#DQG#XWLOLW\#RI#FKLOGUHQ#ZLWKLQ#WKH#EURDGHU
DYRLGHG# PRUWDOLW\# ULVNV/# ZH# QHHG# PRUH# DGYDQFHG IDPLO\#FRQWH[W/#WR#EHWWHU#FKDUDFWHUL]H#WKH#HIIHFWV#RI#DLU
PHWKRGV#IRU#GLVFHUQLQJ#DQ#DSSURSULDWH#96/#IURP#WKH SROOXWDQWV#WR#WKLV#LPSRUWDQW#VXE0SRSXODWLRQ1##,W#PD\
H[WHQVLYH#OLWHUDWXUH#RQ#WKLV#WRSLF1##7KH#DSSOLFDWLRQ#RI DOVR#EH#IUXLWIXO#WR#SXUVXH#WKH#SRWHQWLDO#FRVW0HIIHFWLYH
PHWD0DQDO\VLV# WHFKQLTXHV# PD\# KHOS# XV# EHWWHU DGYDQWDJHV#RI#GHYHORSLQJ#D#PRUH# IOH[LEOH#PHDQV#RI
XQGHUVWDQG#WKH#LPSDFW#RI#LPSRUWDQW#PHWKRGRORJLFDO YDOXLQJ# KHDOWK# HIIHFWV# WKURXJK# KHDOWK0VWDWH# XWLOLW\
DQG#PHDVXUHPHQW#FKRLFHV#WKDW#DUH#PDGH#LQ#FRQGXFWLQJ DSSURDFKHV1# #0RUH#UHVHDUFK# LV#QHHGHG# WR#DVVHVV# WKH
WKHVH#VWXGLHV/#DQG#SURYLGH#D#EDVLV#IRU#QDUURZLQJ#WKH WUDGH0RIIV#LQ#DFFXUDF\#DQG#SUHFLVLRQ#RI#WKHVH#UHVXOWV
UDQJH#RI#DSSURSULDWH#96/#HVWLPDWHV#IRU#HQYLURQPHQWDO ZLWK# WKH# DGYDQWDJHV# RI# D# EURDGHU# VHW# RI# :73
ULVN#HVWLPDWHV1##6HFRQG/#ZH#QHHG#WR#GHYHORS#D#EHWWHU HVWLPDWHV#WR#DSSO\#WR#UHOHYDQW#HQGSRLQWV#+IRU#H[DPSOH/
PHDQV#IRU#DGMXVWLQJ#96/#HVWLPDWHV#WR#DGGUHVV#WKH#NH\ WR#YDOXH#WKH#DYRLGDQFH#RI#KRVSLWDO#DGPLVVLRQV,1
EHQHILWV# WUDQVIHU# LVVXHV# IURP# WKH# ULVN# VFHQDULRV
SUHVHQWHG#LQ#H[LVWLQJ#VWXGLHV#WR#WKH#VSHFLILF#PRUWDOLW\ $GGLWLRQDO#UHVHDUFK#LV#DOVR#QHHGHG#WR#HQKDQFH#RXU
ULVN# SUHVHQWHG# E\# SDUWLFXODWH# PDWWHU# DLU# SROOXWLRQ1 DELOLW\#WR#YDOXH# LPSRUWDQW#ZHOIDUH#HIIHFWV1# #9LVLELOLW\
3XUVXLW#RI#WKLV#JRDO#ZRXOG#LQFOXGH#GHYHORSLQJ#EHWWHU FRQWLQXHV# WR#EH#RQH#RI# WKH#PRVW# LPSRUWDQW#ZHOIDUH
DGMXVWPHQW#WHFKQLTXHV#IRU#GLIIHUHQFHV# LQ#DJH/#KHDOWK HQGSRLQWV#IRU#DQDO\VHV#RI#SDUWLFXODWH#DLU#SROOXWDQWV/#EXW
VWDWXV/#DQG#WKH#ULVN#FRQWH[W/#LQFOXGLQJ#VXFK#DWWULEXWHV LW# ZRXOG# EH# XVHIXO# LI# WKH# OLWHUDWXUH# EDVH# ZHUH
RI#ULVN#SHUFHSWLRQ#DV#GUHDG#DQG#WKH#LQYROXQWDU\#QDWXUH SHULRGLFDOO\#XSGDWHG#WR#EHWWHU#UHIOHFW#WKH#FXUUHQW#VWDWH0
RI#HQYLURQPHQWDO#H[SRVXUHV1 RI0WKH0DUW#LQ#VWDWHG#SUHIHUHQFH#WHFKQLTXH1#)RU#H[DPSOH/

7KLUG/#DQG#SHUKDSV#PRVW#LPSRUWDQWO\/#ZH#QHHG#WR GHYHORSPHQW# RI# DGGLWLRQDO# HVWLPDWHV# IRU# UHVLGHQWLDO
GHYHORS#D#EHWWHU#OLWHUDWXUH#EDVLV#IRU#GLUHFWO\#YDOXLQJ#WKH YLVLELOLW\# YDOXDWLRQ# WR# FRUURERUDWH# WKRVH# FXUUHQWO\
FRPPRGLW\#SURYLGHG#E\#DLU#SROOXWLRQ#UHGXFWLRQV/#WKDW DYDLODEOH/#DQG#GHYHORS#LQVLJKWV#LQWR#WKH#SRWHQWLDO#IRU
LV/#UHGXFWLRQV#LQ#WKH#ULVN#RI#G\LQJ#SUHPDWXUHO\#RU/#SXW GRXEOH0FRXQWLQJ#LQ#DSSOLFDWLRQ#RI#WKH#ORFDWLRQ0VSHFLILF
DQRWKHU# ZD\/# FKDQJHV# LQ# LQGLYLGXDO·V# VXUYLYDO UHVLGHQWLDO# DQG# UHFUHDWLRQDO# YLVLELOLW\# YDOXDWLRQ
SUREDELOLWLHV1# #6HYHUDO# UHVHDUFK# HIIRUWV# DUH# FXUUHQWO\ HVWLPDWHV1# # 7KH# OLWHUDWXUH# RQ# PDWHULDOV# GDPDJH
XQGHUZD\# WKDW# DUH# DWWHPSWLQJ# WR# GLUHFWO\# YDOXH# OLIH YDOXDWLRQ#LV#DOVR#LQ#QHHG#RI#XSGDWLQJ1##:H#FKRVH#QRW#WR
H[WHQVLRQV#VLPLODU#LQ#PDJQLWXGH#WR#WKRVH#SURYLGHG#E\ LQFOXGH#DQ#HVWLPDWH# IRU#KRXVHKROG#VRLOLQJ#HIIHFWV# LQ
DLU# TXDOLW\# LPSURYHPHQWV1# # 7KHVH# UHVHDUFK# HIIRUWV RXU#SULPDU\#EHQHILWV#HVWLPDWHV#EHFDXVH#RI#WKH#DJH#RI
QHFHVVDULO\#UHO\#RQ#VWDWHG#SUHIHUHQFH#PHWKRGV/#ZKLFK WKH#RULJLQDO#UHVHDUFK/#LWV#UHOLDQFH#RQ#DQ#ROGHU#PHDVXUH
LQ#PRVW# FDVHV# DUH# FRQVLGHUHG# OHVV# UHOLDEOH# WKDQ# WKH RI# SDUWLFXODWH# DLU# SROOXWLRQ# +WRWDO# VXVSHQGHG
UHYHDOHG#SUHIHUHQFH# HVWLPDWHV#XVHG# DV# WKH#EDVLV# IRU SDUWLFXODWHV,/#DQG#LWV#UHOLDQFH#RQ#RXWGDWHG#KRXVHKROG
96/# DSSURDFKHV1# # 6XEVWDQWLDO# DQDO\WLF# FKDOOHQJHV H[SHQGLWXUH#GDWD1##8SGDWLQJ#H[LVWLQJ#HVWLPDWHV#RI#WKH
UHPDLQ# LQ# PDNLQJ# WKH# ULVN# UHGXFWLRQ# VFHQDULRV HIIHFWV# RI# DLU# SROOXWDQWV# RQ# KRXVHKROG# VRLOLQJ
SUHVHQWHG#WR#UHVSRQGHQWV#FOHDU#DQG#XQGHUVWDQGDEOH#WR H[SHQGLWXUHV# ZRXOG# EH# D# UHODWLYHO\# VWUDLJKWIRUZDUG
WKH#OD\#SHUVRQ/#EXW#WKH#UHVXOWV#RI#WKLV#QHZ#ZRUN#ZLOO UHVHDUFK# SURMHFW1# # $JULFXOWXUDO# DQDO\VHV# FRXOG# DOVR
QHHG#WR#EH#FDUHIXOO\#FRQVLGHUHG#IRU#WKHLU#LPSOLFDWLRQV EHQHILW# IURP# D# EURDGHU# DVVHVVPHQW# RI# WKH# FURSV

YDOXDWLRQ# RI# DYRLGHG# HIIHFWV# WR# FKLOGUHQ/# LQFOXGLQJ

DQ# LPSRUWDQW#UHVHDUFK#GLUHFWLRQ#ZRXOG#EH#WR#SXUVXH
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SRWHQWLDOO\#DIIHFWHG#E\#R]RQH#DQG#RWKHU#SROOXWDQWV/#DQG
E\#WKH#MRLQW#DQDO\VLV#RI#QRW#RQO\#WKH#GDPDJLQJ#HIIHFWV
RI#VRPH#SROOXWDQWV#EXW#DOVR#WKH#\LHOG0HQKDQFLQJ#HIIHFWV
RI#RWKHUV#+H1J1/#QLWURJHQ#GHSRVLWLRQ,1

7KH# UHVXOWV# RI# WKLV# ILUVW# SURVSHFWLYH# DQDO\VLV
FRQWLQXH# WR#VXJJHVW# WKDW#RXU#QDWLRQ·V# LQYHVWPHQW# LQ
FOHDQ#DLU#KDV#EHHQ#D#ZLVH#RQH1##$W#WKH#VDPH#WLPH/#ZH
UHFRJQL]H# WKDW# ZH# VKRXOG# FRQWLQXH# WR# DVVHVV# WKH
SURJUHVV#RI# WKH# FOHDQ# DLU#SURJUDP/# DV# LPSOHPHQWHG
XQGHU#WKH#&OHDQ#$LU#$FW/#WR#HQVXUH#WKDW#EHQHILWV#DUH
DFKLHYHG# LQ# WKH#PRVW#FRVW0HIIHFWLYH#PHDQV#SRVVLEOH1
3XUVXLW# RI# WKH# UHVHDUFK# JRDOV# RXWOLQHG# DERYH# ZLOO
FRQWLQXH# WR#HQKDQFH#RXU#DELOLW\# WR#SURYLGH#DFFXUDWH
DQG#WLPHO\#DVVHVVPHQWV#RI#WKH#FRVWV#DQG#EHQHILWV#RI#DOO
SURYLVLRQV#RI#WKH#&OHDQ#$LU#$FW1


